Human breast tumors contain regions of hypoxia in which cells that are located far from a functional blood vessel have significantly reduced oxygen concentrations when compared with normal mammary tissue. Breast cancer cells adapt to hypoxic conditions by increasing levels of hypoxia-inducible factors (HIFs), which induce the expression of multiple genes involved in angiogenesis, glucose utilization, resistance to oxidative stress, cell proliferation, resistance to apoptosis, invasion and metastasis. Breast cancer patients with increased HIF expression levels in primary tumor biopsies are at increased risk of metastasis. This is an important finding since 90% of breast cancer deaths are the result of metastasis, primarily to the bone, lungs, liver, brain and regional lymph nodes. Although the prognostic significance of reduced oxygen levels in primary breast tumors of cancer patients is well recognized, the mechanisms underlying hypoxia-induced, HIF-dependent breast cancer metastasis are just beginning to be uncovered. Recent studies have implicated HIF target genes in every step of the metastatic process. Drugs, such as digoxin, show the potential therapeutic effects of blocking HIF activity by decreasing primary tumor growth, vascularization, invasion and metastasis in animal models of breast cancer.
tumor histology. Despite all of these assessments, there are still no means of definitively identifying patients who will relapse or whose tumor will metastasize. Clinically, this is an important challenge since 90% of breast cancer patient deaths are due to metastasis, which reflects the fact that patients with metastatic disease respond poorly to currently available therapies. Evidence is mounting that the oxygen (O 2 ) content of tumor tissue is an important determinant of metastasis. Intratumoral hypoxia has been identified as an adverse indicator for patient prognosis independent of all of the histopathological parameters described above [1] . Hypoxia within a solid tumor arises from an increase in O 2 utilization due to an increase in rapidly dividing cancer cells, and a decrease in oxygen availability due to structurally and functionally abnormal vessels that form within solid tumors [2] . O 2 availability decreases as distance from the nearest blood vessel increases. Data from 125 studies describing the pretreatment oxygenation status of solid tumors were compiled and show that the mean partial pressure of oxygen (PO 2 ) in breast tumors ranges from 2.5 to 28 mm of mercury (Hg), with a median value of 10 mm Hg, as compared with 65 mm Hg in normal human breast tissue [3] . Intratumoral PO 2 values of <10 mm Hg have been associated with an increased risk of metastasis and mortality [4] . Given these dramatic findings, identification of key alterations that occur under hypoxic conditions will define important mechanisms that promote metastasis.
Hypoxia-inducible factors & breast cancer
Similar to their normal cell counterparts, cancer cells respond to decreased oxygen availability by increasing the activity of the hypoxia-inducible factors (HIFs), HIF-1 and HIF-2 [5] . HIF-1 functions as a heterodimeric protein composed of an O 2 -regulated HIF-1α subunit and a constitutively expressed HIF-1β subunit [6] . Under normal (i.e., well oxygenated) conditions, the HIF-1α subunit is hydroxylated on proline residue 564 and/or 402. Hydroxylation is required for binding of the von Hippel-Lindau E3-ubiquitin ligase complex, which targets HIF-1α for subsequent proteasomal degradation. Three O 2 -dependent prolyl hydroxylase enzymes, PHD1, PHD2 and PHD3, control the abundance of HIFs. Under hypoxic conditions, prolyl hydroxylation is decreased, resulting in HIF-1α accumulation and dimerization with HIF-1β [7] . The HIF-1 heterodimer binds to the consensus DNA sequence 5′-RCGTG-3′ present within hypoxia response elements, recruits coactivator proteins, and activates the transcription of HIF-1 target genes. HIF-2α is also O 2 -regulated and binds with HIF-1β to form the HIF-2 heterodimer. While HIF-1α and HIF-2α share a high degree of sequence similarity, HIF-2 stimulates some but not all of the genes activated by HIF-1 [8] . HIF target genes encode proteins involved in cell survival, angiogenesis, metabolic reprogramming, immortalization, epithelial-mesenchymal transition (EMT), stem cell maintenance, resistance to radiation and chemotherapy, invasion and metastasis [9] . Based on genome-wide chromatin immunoprecipitation combined with DNA sequencing or mRNA microarrays, the number of direct HIF target genes is currently greater than 800 [10, 11] . In addition to intratumoral hypoxia, common genetic alterations that occur in cancer also regulate HIF-dependent expression of target genes. In breast cancer, this includes but is not limited to alterations in EGFR, AKT, PI3K, PTEN, mTOR, TP53 and HER2 signaling pathways [12] . The generation of reactive oxygen species is increased under hypoxic conditions [13] . Reactive oxygen species, in turn, inactivate PHD2 causing accumulation of HIFs [14] . Nitric oxide has also been shown to stabilize HIF-1α [15] . Additional regulatory mechanisms of HIFs include interactions with histone demethylases such as JMJD2C, which selectively interacts with HIF-1α, but not HIF-2α, and mediates the recruitment of JMJD2C to the hypoxia response elements, resulting in increased transcription of HIF target genes [16] .
The extensive list of HIF target genes provides the molecular basis for the effect of intratumoral hypoxia on cancer progression and the reported association between HIF-1α overexpression and adverse outcomes in many studies of breast cancer patients [17] [18] [19] [20] [21] [22] [23] [24] [25] . Increased HIF-1α levels have been demonstrated by immunohistochemistry in a subset of biopsies analyzed from both lymph node-negative [24] and lymph node-positive [25] breast cancer patients. Regardless of lymph node status, survival was significantly decreased in those patients with the highest HIF-1α levels in their diagnostic breast cancer biopsies. A recent study, which aimed to standardize quantitative immunohistochemical assays to predict outcome among node-negative patients, identified a highly predictive signature consisting of five markers, including HIF-1α, that could predict patient outcome in over 90% of breast cancer cases analyzed [26, 27] . Furthermore, experiments of enriched circulating tumor cells from breast cancer patients revealed that HIF-1α was detected in 76% of the samples [28] . These data are consistent with studies showing HIF-1α overexpression within metastatic lesions arising from breast tumors [29] . HIF-2α also correlates with distant recurrence and poor outcome in invasive breast cancer [30] . We have limited the scope of this review to genes regulated by HIF-1 and/or HIF-2 under hypoxic conditions (Table 1) and current literature indicates their importance in breast cancer patient prognosis.
Breast cancers are highly heterogeneous, and have been classified into at least five different subtypes based on their molecular profiles: the luminal A and luminal B groups (characterized by the expression of luminal/epithelial markers); the HER2 group (overexpressing the ERBB2 oncogene); the normal-like group (closest to the molecular profile of a normal mammary gland); and the basal-like group (high expression of myoepithelial/mesenchymal markers) [31] . Basal-like tumors are the most aggressive and are associated with the highest rate of metastasis and recurrence. The basal-like subgroup has also been called the triple-negative breast cancer subgroup because most basal-like breast cancers are negative when tested for high-level expression of ER, PR and HER2. As a result, these patients do not respond to treatment with tamoxifen, aromatase inhibitors or trastuzumab. Instead, they are treated with conventional chemotherapy with rapid development of resistance and disease progression. A recent meta-analysis performed by the The Cancer Genome Atlas Network, which compared genes differentially activated between the basal and luminal breast cancer subtypes, highlighted increased expression of HIF-1 target genes in the basal breast cancer subgroup [32] . Preclinical studies highlighted in this review demonstrate that inhibition of HIF-1 activity in triple-negative breast cancer cells has a dramatic effect on primary tumor growth as well as both hematogenous and lymphatic metastasis.
HIFs regulate breast cancer metastasis
Tumor metastasis is the dissemination of cancer cells from the initial site of tumor growth to distant organs followed by the establishment of secondary tumors. Cancer cells can spread via two routes: blood vessels or lymphatic vessels. Cancer cells can access the bloodstream directly from a blood vessel in the primary tumor or indirectly via the lymphatic system. Either way, the metastatic process can be deconvoluted into a series of discrete steps beginning with the EMT, in which cells lose cell-to-cell contact, become motile and locally invade the surrounding stroma. Local tissue invasion, which requires extracellular matrix (ECM) degradation, leads to intravasation, which occurs when cancer cells penetrate the wall of a blood vessel or lymphatic vessel. Once breast cancer cells have intravasated, they must survive within the circulation during transit to distant organs, where they have the potential to extravasate by repenetrating through the vessel wall. The metastatic site must be primed so that it presents a suitable microenvironment for cancer cell survival (the premetastatic niche).
Although significant work has been performed to characterize the role of HIFs in experimental cancers, only recently has the direct requirement for HIFs in breast cancer metastasis been demonstrated. Breast cancers arising in conditional knockout mice lacking HIF-1α expression in mammary epithelial cells demonstrated significantly reduced lung metastasis compared with breast cancers arising in wild-type mice, demonstrating that HIF-1α promotes breast cancer metastasis [33] . In orthotopic transplants of human breast cancer cells injected into the mammary fat pad of immunodeficient mice, HIF-1 was also shown to be essential for the hematogenous metastasis of breast cancer to the lungs [34, 35] . Recent studies implicate the transcriptional activation of HIF target gene products in every step of the metastatic process ( Figure 1 ).
Regulation of EMT & cell motility
The EMT is a process by which epithelial cells lose their polarity and transition to a mesenchymal cell phenotype. Hypoxia-inducible genes that regulate EMT have been implicated in a wide range of cancers [36] . Many of these genes, including SNAIL1, SLUG (SNAIL2) and TWIST, function in EMT at least in part by downregulating expression of Ecadherin. E-cadherin is localized at adherens junctions and is critical for epithelial cell-cell adhesion and tissue architecture. Loss or reduction of E-cadherin expression is frequently observed at the invasive front of advanced-stage human carcinomas including ductal carcinoma of the breast [37] . In breast cancer cells, several studies have shown that hypoxia leads to an increase in the expression of two transcriptional repressors of E-cadherin, SNAIL1 and SLUG, by modulating the NOTCH1 signaling pathway [38] [39] [40] . However, only recently has HIF-1 transactivation of both the SNAIL1 and SLUG promoters been demonstrated [41, 42] .
HIF-1α also directly regulates the expression of TWIST in breast cancer cells. During development, TWIST promotes gastrulation and mesoderm specification. In breast cancer, TWIST expression results in loss of E-cadherin-mediated cell-cell adhesion, activation of mesen chymal markers and induction of cell motility [43] . Hypoxia or overexpression of HIF-1α induces a metastastic phenotype in otherwise non metastatic breast cancer cells via a TWIST-dependent mechanism in vitro and in vivo; TWIST siRNA reversed these effects [44] .
A second pathway of enhanced cell motility under hypoxic conditions occurs by HIF-1 activation of MET transcription [45] . In a study of node-negative breast cancer patients, cooverexpression of HIF-1α and c-MET was a significant independent predictor of distant metastasis, and patients with co-overexpression had a significantly worse 10-year diseasefree survival rate [46] . Autocrine motility factor (AMF), which is a secreted form of the glycolytic enzyme glucose phosphate isomerase, is also regulated by HIF-1 [47] . Increased AMF expression correlates with breast cancer progression and poor prognosis [48] . Ectopic expression of AMF induces EMT in untrans-formed breast epithelial cells. Inhibition of AMF expression triggers the mesenchymal-epithelial transition in metastatic breast cancer cells.
Regulation of invasion & intravasation
Cells at the invasive front of solid tumors are frequently found to have high expression levels of HIF-1α [49] . In order for invasion to occur, breast cancer cells must degrade the surrounding basement membrane. Matrix metallo proteinases (MMPs) are a family of zincdependent endopeptidases that degrade ECM components. MMP-2 and MMP-9 degrade type IV collagen, which is a major component of the basement membrane. Increased levels of MMP-2 in breast cancer biopsies were associated with poor prognosis [50] . Hypoxia induces increased expression and activity of MMP-2 and MMP-9 through a HIF-1-dependent process [51, 52] . In addition to secreted MMPs, which are activated by extra cellular proteolytic cleavage, hypoxia also induces the membrane-bound MT1-MMP in cancer cells by direct binding of HIF-2 to the MMP14 gene [53] .
In addition to MMPs, hypoxic breast cancer cells have increased proteolytic activity as a result of increased urokinase-type plasminogen activator receptor (PLAUR) expression [54] . Although many studies show that PLAUR is activated under hypoxic conditions in cancer cells, only recently has the HIF transcriptional binding site in the PLAUR promoter been described [55] . PLAUR promotes cell invasion by altering interactions between integrins and the ECM. When PLAUR expression levels were modulated by shRNA expression, cells with reduced levels of PLAUR were incapable of intravasation [56] . In addition to the direct regulation of genes involved in proteolysis, HIF-1 has also been shown to regulate expression of miRNA-372/373, which targets RECK mRNA [57] . Decreased expression of the tumor suppressor RECK results in increased MMP-9 activation. Recent clinical studies indicate that low expression of RECK is associated with decreased survival of breast cancer patients [58] .
Although degradation of the ECM by proteases has been established as an important mechanism for tumor cell invasion, recent evidence shows that collagen, in particular type I collagen, provides a roadway for cell migration during invasion. Using mouse models that recapitulate the histological progression of human breast cancer, mammary tumors exhibit a localized increase in collagen deposition, which occurs early in tumor formation [59, 60] . As tumor size increases, collagen fibers straighten, bundle and align [61] . Several groups have observed that tumor cells preferentially invade along aligned collagen fibers [61] [62] [63] . Furthermore, the pattern and extent of collagen alignment has a prognostic significance in breast cancer [64] . Together this suggests that ECM matrix remodeling is highly dynamic. Cells must both degrade and reform a scaffold to support their migration within the tumor mass.
We recently discovered that HIF-1α plays a critical role in collagen biogenesis in breast tumors by upregulating the expression of P4HA1, P4HA2, PLOD1 and PLOD2 hydroxylases [65] [66] [67] in addition to its previously established role in the regulation of lysyl oxidase family members (LOX, LOXL2 and LOXL4) under hypoxia [34, 68] , which is described further in the discussion of premetastatic niche formation. Proper hydroxylation is required for folding of newly synthesized procollagen polypeptide chains into stable triplehelical molecules and is a requirement for subsequent secretion into the extracellular space [69, 70] . The knockdown of HIF-1α, P4HA1 or P4HA2 decreases tumor fibrosis and P4HA1 or P4HA2 knockdown completely abrogates the spontaneous metastasis of mammary fat pad-implanted human breast cancer cells to the lungs and lymph nodes of immune-deficient mice [67] . In contrast with the effects of P4HA1 or P4HA2 knockdown, the knockdown of PLOD2 expression does not suppress collagen deposition but instead compromises collagen crosslinking. PLOD2 knockdown significantly impairs the spontaneous metastasis of mammary fat pad-implanted breast cancer cells to mouse lungs and lymph nodes [65] .
The formation of new blood vessels (angiogenesis) is crucial for the growth and persistence of primary solid tumors and their metastases, and angiogenesis is also required for metastatic dissemination. HIF-dependent expression of VEGF under hypoxic conditions [71] increases micro-vascular density and permeability [72] , which contribute to an increased probability of intravasation [73] . Elevated levels of circulating VEGF have been measured in breast cancer patients and are associated with increased tumor vascularity, metastasis, resistance to chemo therapy and poor patient prognosis [74] . The HIF-1 target gene ANGPT2 was found to be closely correlated with VEGF expression and increased microvessel density in breast cancer [75, 76] . High expression of both VEGF and ANGPT2 has a strong prognostic significance in breast cancer. In an orthotopic model of breast cancer metastasis, attenuating ANGPT2 decreased pulmonary vascular permeability and inhibited spontaneous lung metastasis [71, 77] .
In addition to VEGF, the HIF-2 target gene product ephrin-A1 is the prototypic ligand for EphA receptor tyrosine kinases and ephrin-A1 promotes tumor angiogenesis [78] . It is overexpressed in vascularized tumors relative to normal tissue. siRNA-mediated ephrin-A1 knockdown in metastatic breast cancer cells significantly diminishes lung metastasis [79] . Overexpression of ephrin-A1 promotes endothelial cell (EC) migration toward breast cancer cells, suggesting that activation of ephrin-A1 on ECs is one mechanism by which ephrin-A1 may regulate angiogenesis.
Regulation of extravasation
The contribution of HIFs to cancer cell extravasation has been directly assessed in mice by injecting human breast cancer cells, which were stably transfected with a control vector or vectors encoding shRNAs targeting both HIF-1α and HIF-2α, directly into the tail vein of immune-deficient mice (in order to bypass all steps that are required for cancer cells to access the vasculature) [35] . The cancer cells were exposed to 20% O 2 (PO 2 = 140 mm Hg) or 1% O 2 (PO 2 = 7 mm Hg) for 48 h prior to injection. Histological analysis of lung sections from these mice revealed that exposure to 1% O 2 (to simulate hypoxia within the primary tumor) increased the extravasation of control cells, an effect that was abrogated in HIFknockdown cells. In this study, HIF activity also promoted the ability of hypoxic breast cancer cells to invade through an EC monolayer in vitro. The invasion of naive breast cancer cells through EC monolayers was increased when the cells were exposed to conditioned medium from hypoxic, when compared with nonhypoxic breast cancer cells. The hypoxiainduced effect was lost when HIF-knockdown breast cancer cells were used as the source of conditioned medium. Additionally, transendothelial electrical resistance, a biophysical measure of EC-EC interactions, was decreased when ECs were incubated in conditioned medium from hypoxic breast cancer cells. This effect was abrogated when conditioned media from hypoxic breast cancer cells expressing HIF-knockdown shRNAs were used [35] .
Extravasation involves modulation of tumor cell adhesion to the endothelium of blood vessels, which is also known as margination. HIF target genes that promote extravasation by promoting cancer cell margination have recently been identified [35] . L1CAM, a protein involved in cell-cell adherence by homophilic interactions and by heterophilic interactions with integrins, neuropilin 1 and CD24, has been identified as a direct transcriptional target of HIF. Breast cancer cells exposed to hypoxia for 48 h had increased adherence to ECs, whereas cells with either reduced expression of HIF-1 or L1CAM had significantly reduced adherence to ECs. Furthermore, overexpression of L1CAM in cancer cells with reduced HIF expression had increased numbers of extravasated cancer cells in the lung after tail vein injection [35] . Interestingly, a recent study demonstrated that hypoxia-induced expression of the L1CAM-interacting protein CD24 by HIF-1 binding to a functional hypoxia responsive element in the CD24 promoter [80] . Although the CD24-knockdown studies were not performed in breast cancer cells, immunohistochemical staining expression of CD24 in early primary invasive breast cancers has been significantly associated with poor prognosis [81] .
ANGPTL4 was also found to be a hypoxia-induced and HIF-dependent gene product that promoted extravasation of breast cancer cells [35, 82] . TGF-β induction of ANGPTL4 expression in cancer cells disrupts vascular EC-cell junctions, increases the permeability of lung capillaries, and facilitates the transendothelial passage of tumor cells [82] . In vitro assays using conditioned medium from breast cancer cells suggest that this is a result of increased extravasation due to reduced EC-EC adherence. Similar results were obtained using conditioned medium from hypoxic breast cancer cells but not from HIF-knockdown cells [35] . Conditioned media from breast cancer cells stably transfected with an ANGPTL4 expression vector inhibited EC-EC interactions as measured by transendothelial electrical resistance and breast cancer invasion assays. When injected via the tail vein, HIFknockdown breast cancer cells overexpressing ANGPTL4 extravasated more readily to the lungs [35] . Lung metastasis from ANGPTL4-knockdown breast cancer cells following mammary fat pad implantation were also significantly reduced compared with mice bearing control tumors. Additional in vivo studies to assess vascular permeability and metastasis performed using ANGPTL4-knockout and wild-type mice injected with either control or ANGPTL4-knockdown tumors confirmed that ANGPTL4 induced vascular leakiness and facilitated lung metastasis in mice [83] . Clinically, ANGPTL4 is expressed at increased levels in the primary breast cancers of women with lung metastases [82] .
Regulation of premetastatic niche formation
HIF expression in primary breast cancers has been found to influence metastatic seeding at distant organs prior to cancer cell arrival by regulating premetastatic niche formation [34, 68, 84, 85] . The premetastatic niche comprises bone marrow-derived cells (BMDCs) that home to tumor-specific premetastatic sites, forming cell clusters that precede tumor cell arrival [86] . Recently, the induction of multiple members of the lysyl oxidase (LOX) family, including LOX, LOXL2 and LOXL4, have been identified as key hypoxia-induced and HIF-1-regulated genes involved in BMDC recruitment to promote breast cancer premetastasic niche formation [34, 68, 84, 85, 87] . LOX family members are extracellular enzymes secreted from breast cancer cells that catalyze intra-and inter-molecular crosslinking of collagen at hydroxylated lysine residues. LOX enzymes promote metastasis by crosslinking collagen in metastatic tissues, which is required for subsequent BMDC recruitment. Two BMDC populations that promote metastasis in animal models are CD11b + /Ly6C med /Ly6G + myeloid cells and CD3 − /NK1.1 + natural killer cells [88] . Furthermore, accumulation of CD11b + /Ly6C med /Ly6G + cells was found to be enhanced by hypoxic breast cancer cell-derived MCP-1, which is a member of the chemokine-β subfamily that is known to regulate the recruitment of inflammatory cells.
Clinically, LOX expression was associated with both intratumoral hypoxia and distant metastases in breast cancer patients [68] . Interestingly, LOX, LOXL2 and LOXL4 are overexpressed (relative to surrounding normal tissue) in different combinations in human breast cancers and breast cancer cell lines [34] . Knockdown of either LOX [68] or LOXL4 [34] in MDA-MB-231 cells significantly impairs premetastatic niche formation and lung metastasis, which suggests that the functions of these enzymes are not redundant. Additional studies also demonstrated a role for LOX in invasion and migration by regulating FAK activity, suggesting multiple roles for HIF-induced LOX expression and activity in metastatic disease [89] .
In addition to a premetastatic niche that is rich in BMDCs, homing of breast cancer cells to metastatic sites may also be governed by interactions between chemokine receptors on cancer cells and ligand secretion in target organs. For example, the SDF-1/CXCR4 signaling complex may play a role in breast cancer metastasis [90] . Expression of the genes encoding SDF-1 and CXCR4 is induced by hypoxia in a HIF-dependent manner in various cell types [91] [92] [93] [94] . In vivo studies inhibiting CXCR4 expression by siRNA or blocking its function with either neutralizing antibodies or synthetic peptides inhibited the metastasis of breast cancer cells in orthotopic cell models [95, 96] . Additionally, SDF-1/CXCR4 signaling in ECs under hypoxic conditions leads to tube formation and adhesion of breast cancer cells to ECs, and stimulates transendothelial migration in a HIF-dependent manner [97] . Breast cancer cell adhesion and migration through a human umbilical vein EC monolayer was significantly reduced by inhibiting CXCR4 or treating ECs with an SDF-1-neutralizing antibody. This suggests an additional role for SDF-1 and CXCR4 in intravasation. Hypoxiainduced and HIF-dependent expression of additional chemokines and their ligands, such as CXCR6, CCR5 and CCL5, has also recently been implicated in enhancing directed migration of breast cancer cells [98, 99] .
Regulation of signaling interactions in the tumor microenvironment
The assembly and collective contributions of the assorted cell types that constitute the tumor microenvironment are beginning to be appreciated as a complex signaling network that contributes to cancer metastasis. Many stromal cell types including fibroblasts, myo fibroblasts, tumor-associated macrophages, bone marrow-derived angiogenic cells and mesenchymal stem cells (MSCs) are recruited to the tumor and enhance primary tumor growth and/or promote metastasis [100] . Recently, we found that hypoxia induces the recruitment of bone marrow-derived MSCs to primary breast tumors [101] . The interaction of MSCs with breast cancer cells induces CXCL10, CCL5 and VEGFR1 expression by MSCs and CXCR3, CCR5 and PGF expression by breast cancer cells. MSC-breast cancer cell signaling is mediated by CCL5-CCR5 and CXCL10-CXCR3 signaling. Breast cancer cell-MSC signaling is mediated by PGF-VEGFR1 signaling, which induces CXCL10 expression in MSCs. The result is a positive feedback loop between the two cell types. PGF-VEGFR1 signaling is important for MSC homing, whereas CXCL10-CXCR3 and CCL5-CCR5 signaling promote breast cancer metastasis in an orthotopic mouse model by stimulating the expression of genes that enhance invasion and the metastasis of breast cancer cells to the lungs and lymph nodes. CXCR3 and PGF gene expression in breast cancer cells is directly regulated by HIFs [101] .
Regulation of cell survival at metastatic sites
Although the microenvironment of the metastatic tumor site is different to the primary site, suggesting unique factors may be necessary to promote cancer cell proliferation, it is probable that many of the HIF-inducible genes that play a role in cell survival and resistance to apoptosis will also function in secondary tumor growth. Cancer cells must establish a new blood supply in the secondary organ to support their growth and the role of HIF-1 in tumor angiogenesis has long been established [102] . Future studies will likely identify additional metastatic site-specific cellular adaptations that may be attributable to HIF regulation.
Regulation of lymphatic metastasis
Rather than directly accessing blood vessels within the primary tumor, breast cancer cells may also reach the circulation by lymphatic drainage. Lymphatic capillaries lack the tight interendothelial junctions typically seen in blood vessels, as well as the surrounding layers of pericytes/smooth muscle cells and basement membranes, suggesting that these vessels may provide a more readily accessible route for intravasation [103] . Clinical studies have found that increased HIF-1α levels in primary breast tumors are positively correlated with lymphatic vessel density within the primary tumor [104] . Likewise, the density of lymphatic vessels within a breast tumor is correlated with lymph node metastasis [105] . Recently, the direct involvement of HIFs in the lymphatic metastasis of breast cancer was demonstrated [106] . The expression of genes in the VEGF, FGF, IGF and PDGF families were interrogated in breast cancer cells, since they were previously implicated in the growth of new lymphatic vessels (lymphangiogenesis) in other cancer types [107] . In addition to VEGFA, PDGFB expression was found to be upregulated by hypoxia in a HIF-dependent manner in breast cancer cells [106] . HIF or PDGF-B loss of function resulted in decreased lymphatic vessel density in the primary tumor and decreased lymph node metastasis. Inhibition of HIF activity or PDGF-B signaling by treatment of tumor-bearing mice with digoxin or imatinib, respectively, also decreased lymph node metastasis and lymphatic vessel density. Furthermore, HIF-1α and PDGF-B expression was highly correlated in grade 2 and grade 3 human breast cancer biopsies [106] . Thus, HIF-1 regulates both hematogenous and lymphatic dissemination of breast cancer cells.
Regulation of metastatic organotropism
Recent work in the area of metastatic organ-otropism for breast cancer has utilized mouse models to identify organ-specific metastasis gene signatures that suggest distinct sets of genes are utilized for colonizing different organs [108] [109] [110] . Although the role of hypoxia in organ-specific breast cancer metastasis is currently unknown, several known hypoxiainducible and HIF-1-regulated genes are included in each of the gene signatures. The gene expression signature of breast cancer metastasis to the brain identified the HIF-1 target gene COX2 as a mediator of brain metastasis [110] . Breast cancer cell metastasis to the brain was decreased by COX2 knockdown in animal models. COX2, ANGPTL4 and MMP2 are HIF-1-regulated genes with increased expression in breast cancers that metastasize to the lungs [35, 52, 111] . On the other hand, CXCR4, OPN, IL-6 and IL-8 are hypoxia-inducible genes that have been identified in the bone-specific metastatic gene signature and have been shown to be induced by HIF in some cell types [108, [112] [113] [114] . Inhibiting HIF-1 activity significantly inhibits breast cancer metastases to lymph node, bone and lung in animal models, establishing HIF-1 as a promising therapeutic target for breast cancer metastasis [35, 84, 115] .
HIF inhibitors
Multiple drugs have been shown to inhibit HIF-1 activity, block tumor growth and vascularization, and improve responses to chemoand radiation-therapy in a variety of mouse models. For example, anthracyclines (doxorubicin and daunorubicin) have been shown to inhibit binding of HIF-1 to DNA and reduce prostate cancer growth in a mouse xenograft model [116] . HIF-1α protein levels and xenograft tumor growth have been shown to be reduced by disruption of microtubule poly merization by 2-methoxyestradiol [117] . HIF-1α transactivation has been shown to be inhibited by bortezomib, a proteosome inhibitor that is used to treat relapsed multiple myeloma and mantle cell lymphoma [118] . Agents that inhibit HIF-1α protein accumulation and demonstrate anti-tumor effects include the topoisomerase I inhibitor, topotecan, as well as the cardiac glycoside digoxin [35, 84, 106, 119] . Digoxin was also shown to inhibit the growth of human prostate cancer xenografts and its effect was dependent on its inhibition of HIF-1α expression [120] .
Acriflavine, an inhibitor of HIF-1 dimerization, was shown to decrease HIF-1 transcriptional activity and decrease tumor growth and angiogenesis in vivo [121] .
In orthotopic mouse models of breast cancer metastasis, treatment of tumor-bearing mice with acriflavine (4 mg/kg) or digoxin (2 mg/kg) by daily intraperitoneal injection significantly inhibited primary tumor growth and metastasis of cancer cells from breast to lungs concomitant with decreased expression of HIF target genes (ANGPTL4, L1CAM, LOX, LOXL2 and LOXL4) [35, 84] . Since HIF-1α can be induced by hypoxia-independent signaling pathways, such as mTOR, ERBB2 (HER2 neu ) and MAP kinase, the therapeutic benefits of targeting these pathways may also be partially explained by a decrease in HIF-1α levels [122] .
Conclusion & future perspective
Intratumoral hypoxia is a strong selective pressure that promotes the outgrowth of malignant cells with the ability to overcome low oxygen conditions rather than undergo apoptosis. The cellular response to low oxygen tension involves the stabilization of HIFs and complex transcriptional regulation patterns that may be unique for different breast cancers; HIFs appear to play a role in every step of the metastatic cascade ( Figure 1 ). To colonize a distant organ, disseminated tumor cells must have the capacity to interact with a new microenvironment efficiently enough to have a survival advantage, suggesting that this may be a rate-limiting step in metastasis. Intravital microscopy shows that while circulating tumor cells generally extravasate with high efficiency, only a small subset form micrometastases and only a subset of these micrometastases form vascularized macrometastases [123] . Cancer cells that have survived and have been reprogrammed by hypoxic conditions have a survival advantage at distant sites. Clinically, this is supported by the finding that patients with primary tumors that have high HIF-1α levels have a greater likelihood of developing metastatic relapse and a shorter survival time [122] .
Currently, it is impossible to predict which breast cancer patients are likely to develop metastatic disease. However, HIF-1α expression has been implicated as an independent predictor of poor outcome for breast cancer patients [24] . A HIF-dependent gene signature has also been shown to differentiate luminal and basal subtypes of breast cancer [32] . Taken together, this suggests that HIF-1α levels in the diagnostic tumor biopsy could be used to identify patients that are at increased risk to develop metastasis. It also suggests that HIF inhibitors may be particularly useful in the treatment of triple-negative breast cancers, which have high HIF transcriptional activity and respond poorly to currently available therapies.
The efficacy of many HIF inhibitors has been convincingly demonstrated in animal models of breast cancer metastasis. Clinical trials are warranted to determine if the addition of one or more HIF inhibitors to current therapeutic regimens will increase the survival of breast cancer patients. In the future, as personalized medicine for cancer progresses, clinical markers of HIF activity in patient biopsies could be utilized to predict which patients would benefit the most from HIF inhibitors. This would be particularly useful for the management of lymph node-negative breast cancer patients, who develop distant metastasis in 30-40% of cases. The subset of patients with high HIF activity in their primary tumors might benefit from more aggressive therapy that would include a HIF inhibitor. This type of patient stratification may also help to avoid unnecessary therapies and their side effects in lymph node-negative patients with a more favorable prognosis.
• Clinical trials in which HIF inhibitors are administered in combination with current therapeutic regimens will be necessary to assess the potential benefit to breast cancer patients. 
